M ontgom ery an d M ontgom ery 1935a P hys. Rev. 48, 969. N edderm eyer a n d 
T h e continuous a b so rp tio n sp ectra of alkyl iodides a n d alkyl brom ides a n d th e ir q u a n ta l in te rp re ta tio n By D. P o r r e t a n d C. F. In recent years a number of continuous absorption spectra of diatomic molecules have been examined in order to determine the potential energydistance curves for the excited states. Gibson, Rice and Bayliss (1933) and Bayliss (1937) applied the methods of quantum mechanics to the chlorine and bromine spectra respectively and Stiickelberg (1932) treated the oxygen continuum in a similar manner. The spectra of hydrogen bromide and iodide were analysed by Taylor (1935, 1936) . The method of trea t ment has recently been extended and applied to the methyl bromide spectrum by Fink and Goodeve (1937) .
In the present paper, recently published measurements for methyl iodide (Porret and Goodeve 1937) are analysed and compared with new data for ethyl iodide. The spectra of ethyl and butyl bromides have been measured and compared with that of methyl bromide.
T h e QXJANTAL INTERPRETATION OF THE METHYL IODIDE CONTINUUM (a) Outline of method
The extinction coefficient, which is the probability of absorption of a quantum of light by a molecule, is determined by the eigenfunctions of the initial and final states and by the dipole moment associated with the transition. From known potential energy curves, it is easy to calculate the approximate extinction coefficients for the different frequencies, but direct calculation in the reverse direction is impossible in practice. To determine the potential energy curve for the upper state, one has first to calculate a, the absolute extinction coefficient, as a function of r, the internuclear distance, by quantal methods. By comparison with the experimental curve for a in terms of frequency one obtains the required relation between the potential energy (expressed as the frequency interval from the zero point energy level of the ground state, plus the zero point energy) and r.
The method of calculation of the a-r curve is described in detail by Fink and Goodeve (1937) . a is given by the equation where v is the frequency, \jf' and ijr" the eigenfunctions of the upper and lower states, M the dipole moment and K a constant. As the nuclei represent practically the whole mass of the atoms, the variation of the nuclear eigen functions is generally the determining factor in the value of the above integral. All the other terms may, therefore, be assumed constant and one may write I t is found that for alkyl halides, and for the range of extinction coeffi cients with which we are dealing, molecules possessing vibrational energy up as high as the third quantum level, play a part in the absorption. The eigenfunction curves of the levels of the ground state can be calculated by means of well-known equations. The one of the upper state can be obtained according to the Wenzel-Kramers-Brillouin approximation from the solution of the wave equation where k! is the slope of the upper potential energy curve, ju the reduced mas and x' the internuclear distance, defined here by x -rc. The slope, , can be calculated by means of the approximation used by Goodeve and Taylor (1935) which gives accurate values of the slope for small values of x' (see Fink and Goodeve 1937, section 4) .
The value of A 1 can be determined by calculating a0, the probability of
transitions from the zero vibration level, multiplying this by the partition fraction for this level,/0 (i.e. the fraction of the molecules in this level), and equating the maximum value of cc0f 0 to the maximum of the experimental extinction coefficient curve. For the region of the maximum the zero vibration level is solely responsible for the absorption. K ± has the same value for all transitions between the two electronic states, so far as the assumptions in equation (2) are valid. For methyl iodide the variation of the frequency throughout the band is small and sufficiently accurate values for use in equation (1) can be obtained by application of the method of analysis used by Goodeve and Taylor (1935) .
For any particular frequency, the observed extinction coefficient is the sum of the probabilities of transitions arising from the various vibrational levels in the ground state, each probability being multiplied by the appro priate vibrational partition fraction. Before making the summation one has to take account of the fact that the transitions do not involve the same frequency for a particular value of x' (see equation (17), Fink and Goodeve (1937) ). Furthermore, the eigenfunctions of the ground state have been calculated for a harmonic oscillator. The formulae for an anharmonic one are very complicated, but a partial correction can be made by shifting each of the \Jr" curves so that its centre corresponds to the mid-point of the appropriate vibration level (see fig. 3 ). Details of the method of applying these corrections are given by Fink and Goodeve (1937) . The corrections having been made, the total extinction curve can be calculated in terms of x' and, by comparison with the experimental one, the upper potential energy curve can be drawn.
(6) Application to methyl iodide
As with methyl bromide, the spectrum of the iodide can be considered as arising from a diatomic molecule (CH3)-I. The necessary data for methyl iodide are given in the table, section (4). The value of the slope, , to be used in the solutions of equation (3) was found to be -3-8 x 104 wavenumbers per A or -7-47 x 10~4 ergs per cm. The eigenfunction curve for the level corresponding to x' = 0 is shown in fig. 3 . The equation (2) was conveniently replaced by a summation and the procedure, as described above, carried out.
The partial extinction coefficients (as logarithms) for transitions arising from the first four vibration levels (at 20° C.) are shown in fig. 1 , plotted against the value of x ' . The curve for the total extinction coeffic
shown (curve I). Comparison of this curve with the observed extinction coefficient curve, shown by the full line in fig. 2 , gives curve I in fig. 3 as the upper potential energy curve. In fig. 3 are also shown the lower potential energy curve and the first three vibration levels with their eigenfunction curves in arbitrary units. It will be seen that this analysis leads to an upper potential energy curve with a marked point of inflexion, the repulsive force actually increasing with increase of nuclear separation. A close examination of the approxi mations used in the analyses has revealed no likely source of error which could account for this result. I t may be that the absorption band is in reality a double one, i.e. transitions to two separate upper states occur in the same 2500 30000 35000 400000
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region of the spectrum. The point of inflexion may in fact be removed by resolving the extinction coefficient curve into two parts, as shown by the broken lines in fig. 2 . By comparing curve I in fig. 1 
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shape. The approximate position of the upper potential energy curve corresponding to the B band is indicated by curve B, fig. 3 . The argument th at leads to the conclusion that the band is double is easily seen by inspection of the two curves, I, fig. 1, and I, fig. 2 . The former, the calculated curve, is curved throughout its whole length, whereas the latter, the experimental curve, has a marked straight part with a slight depression. The values given in the last column are calculated assuming that the band is a single one, i.e. th at the potential energy curve I, fig. 3 , is the correct one. The observed extinction coefficients are about three times smaller than the calculated ones, from which it is to be concluded th at the band is not single. Calculations based upon the resolution of the curves as shown in fig. 2 yield results in agreement with the observations, but, as the observations were made at two temperatures only, this agreement cannot be considered as a quantitative confirmation of the resolution as shown.
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(d) Discussion
The presence of two bands for methyl iodide brings its spectrum into conformity with those of the inorganic iodides (see Porret and Goodeve 1937) . It would appear, therefore, that the A band leads to dissociation giving an excited 2P^ iodine atom and a normal unexcited methyl free radical, whereas absorption of light in the band yields products both of which are unexcited.
It is of interest to note th at Mulliken (1935) discusses arguments which suggest that the observed continuum of methyl iodide is complex.
T h e e x t in c t io n c o e ffic ie n t s of e t h y l io d id e
The continuous absorption spectrum of ethyl iodide has been studied by a number of observers in order to obtain the position of the maximum or the " long wave absorption lim it" (Scheibe 1925; Iredale and Wallace 1929; Iredale and Mills 1930, 1931; Emschwiller 1930; Hukumoto 1932; Scheibe, Povenz and Lindstrom 1933) . According to Iredale and Mills (1930) and to Hukumoto (1932) the limit corresponds to a dissociation into a -C2H5 radical and a 2P^ iodine atom. It is now well known that such a conclusion cannot be drawn, as the limit of the absorption shifts towards the red when the pressure or the length of the absorbing column is increased.
Pure ethyl iodide supplied by the British Drug Houses, Ltd., was used after being fractionated three times and dried with P 20 5. The measurements were carried out exactly as for methyl iodide (Porret and .
The measurements of the molar and absolute extinction coefficients, defined by the equations respectively ( lbeing the length in cm. and c and n being the conce expressed in g.mol. per litre and in molecules per c.c. respectively), are plotted as their logarithms in fig. 4 . The curve for methyl iodide is shown for comparison. Iredale and Mills (1931) have measured qualitatively the absorption of ethyl bromide, but no measurements of the absorption of the butyl com pound have been recorded.
T h e e x t in c t io n c o effic ien ts of e th y l a n d b u t y l brom ides
Pure bromides supplied by the British Drug Houses, Ltd., were used and measurements made as for methyl iodide.
The results for ethyl bromide are indicated in fig. 4 by the open circles and the broken line and those for butyl bromide by the black circles and the dotted line. The curve obtained by Fink and Goodeve (1937) for methyl bromide is shown for comparison.
It will be seen from fig. 4 that the extinction coefficient curves are prac tically unaltered by an increase in the length of the carbon chain. This, at first sight, is surprising, as the increased mass of the alkyl group might be expected to influence the shape of the band. The coincidence between the curves, however, can be explained by a consideration of the structure of the molecules and of the fundamental vibrational frequencies.
G)
T h e in f l u e n c e of the carbon chain
At room temperature the methyl group can be treated as a unit of mass 15 because the vibrations involving movement of the hydrogen atoms with respect to the carbon are relatively unexcited. For ethyl and higher halides the alkyl group does not, however, behave as a unit. This is indicated by the presence of low fundamental frequencies corresponding to vibrations in which the separate carbon atoms move individually towards the halogen atom (Kohlrausch 1931). Owing to the zigzag structure of the carbon chain and the low angular restoring forces the second and subsequent carbon atoms exert little restriction on the movement of the first. This is seen by an inspection of the carbon-halogen frequencies in a homologous series as set out in the table, column 2. This frequency changes only slightly on passing from methyl to ethyl halides and remains practically constant for the higher members of the series. If the alkyl group vibrated as a whole the variation would be much larger. Assuming that the force constant, of the carbonhalogen bond is the same for all the members of an homologous series, an " effective " reduced mass can be calculated from the fundamental frequency from the equation^ ~ 4:7T2(02' (5) The values given in the table, column 3, are obtained in this way and are the better ones to use in applying the above method of analysis to the ethyl and higher compounds as they take account of the slight restriction in the movement of the carbon atom of the carbon-halogen bond. From the small variation in the values of fiM one would not expect much difference between the absorption curves of the various members of each series. On the assumption that the upper and lower potential energy curves are unaffected, the influence of an increase of reduced mass on an absorption spectrum may be deduced. Such an increase or, in fact any restriction to motion, causes a " narrowing" of the eigenfunction curves, leading to a narrowing of the absorption band. At the same time, as a consequence of normalization, the height of the maximum is increased. For ethyl iodide the increase in amax should be about 3 %. On the other hand the fundamental frequency 0) is reduced, resulting in a lower value of the partition fraction, / 0, and a lower value of amax. For ethyl iodide this lowering is about 1 %. These effects are smaller than the experimental error. For the bromides the maxima occur in a region of high experimental error and the small difference shown in fig. 4 may not be a real one.
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The effect of an increase of the reduced mass on the lower part of the curve is more complex. The narrowing of the eigenfunction curves produces a narrowing of the absorption curve, but the increase in the partition fractions of the first and higher levels produces a broadening. A small additional narrowing results from the correction given in equation (16) in the paper by Fink and Goodeve (1937) . All these corrections are small. The small differ ences shown may be due to any one of these causes or to impurities.
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Conclusions
The C-I and C-Br absorption bands differ in th at the former is much narrower than the latter. The upper potential energy curve associated with the C-I band is much less steep than th at with the C-Br band, the values at x' -0 being -4*3 and -7-1 x 104 wave-numbers per A respectively. This is the major cause of the difference in the shapes of the curves-the differences in the reduced masses and in the lower potential energy curves being small.
The slope of the upper potential energy curve is equal to the force of repulsion. The lower value for the C-I link is to be expected from the greater polarizability of the iodine atom and from the fact th at the iodine atom is further from the carbon than is the bromine atom, the distances, re^ being 2-12 and T88 A respectively (Sutherland 1937) . The lower force of repulsion for the C-I link in the upper state is to be compared with the lower force constant of the link in the ground state.
In the two homologous series of compounds discussed above, it is seen that the individuality of the chromophoric (light absorbing) grouping is retained in each series over a very wide range of extinction coefficients. It follows th at the absorption process with these molecules is localized in one part. This is in contrast with what occurs in dyes or other mesomeric systems where the absorption process is bound up with the molecule as a whole. In the absence of mesomerism, localization of the absorption is to be expected, but the position of a band may be affeoted by the presence of groups which disturb the electronic levels of the chromophoric grouping.
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Summary
The extinction coefficient curve for methyl iodide has been analysed according to the method used by Fink and Goodeve, and the existence of two bands has been deduced. The upper potential energy curves corre sponding to these bands have been determined.
The extinction coefficients of ethyl iodide and of ethyl and butyl bromides have been determined over a wide range. Influence of the carbon chain has been found to be small. The conditions under which chromophoric groupings retain their individuality have been discussed.
